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INTRODUCTION 


A growing body of evidence points to the kappa opioid 
receptor (KOR), and its endogenous ligand dynorphin, as 
key players in the regulation of mood and responses to stress 
(Lutz and Kieffer, 2013). Acute administration of KOR 
agonists and antagonists has been shown to produce effects 
characterized as prodepressive or antidepressant, respec- 
tively, in rodent behavioral tests sensitive to antidepressant 
drugs, (Carlezon et al, 2006; Carr et al, 2010; Mague et al, 
2003). Furthermore, exposure to stress is known to sensitize 
the KOR system, and pretreatment with the selective KOR 
antagonist norbinaltorphimine (nor-BNI) blocks stress- 
dependent responses (Land et al, 2008; McLaughlin et al, 
2003). McLaughlin et al (2003) found that antagonizing 
KORs can block prodepressive effects produced by exposure 
to repeated swim stress. These preclinical findings have 
encouraged further investigation of KOR antagonists as 
potential antidepressant treatments in humans, particularly 
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Previous studies have identified potential antidepressant effects of buprenorphine (BPN), a drug with high affinity for mu opioid receptor 
KORs) and some affinity at delta opioid receptor (DOR) and opioid receptor-like | (ORL-1) 
receptors. Therefore, these studies examined which opioid receptors were involved in BPN’s effects on animal behavior tests sensitive to 
antidepressant drugs. The acute effects of BPN were tested in the forced swim test (FST) using mice with genetic deletion of individual 
opioid receptors or after pharmacological blockade of receptors. For evaluating the effects of BPN on chronic stress, separate groups of 
mice were exposed to unpredictable chronic mild stress (UCMS) for 3 weeks and treated with BP 
assessment and subsequent measurement of Oprk!, Oprm!, and Pdyn mRNA expression in multiple brain regions. BPN did not reduce 
immobility in mice with KOR deletion or after pretreatment with norbinaltorphimine, even though desipramine remained effective. In 
OR and DOR knockout mice and in mice pretreated with the ORL-| antagonist JTC-801. UCMS 
reduced sucrose preference, decreased time in the light side of the light/dark box, increased immobility in the FST and induced region- 
specific alterations in Oprk!, Oprm!, and PDYN mRNA expression in the frontal cortex and striatum. All of these changes were normalized 
OR was identified as a key player mediating the effects of BPN in tests sensitive to antidepressant drugs in 
mice. These studies support further development of BPN as a novel antidepressant. 
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for at least 7 days before behavioral 


in patients diagnosed with major depressive disorder (MDD) 
that do not respond to conventional antidepressant 
medications. 

Buprenorphine (BPN) is an opioid drug with mixed 
pharmacology, approved by the US Food and Drug 
Administration for treatment of heroin dependence and 
chronic pain. Its most potent pharmacological actions are as 
a high-affinity partial agonist at the mu opioid receptor 
(MOR) and antagonist at the KOR. In addition, at higher 
concentrations, BPN is an antagonist at the delta opioid 
receptor (DOR) and a partial agonist at the opioid receptor- 
like 1 (ORL-1) receptor (Cowan, 2007; Lutfy and Cowan, 
2004). In a handful of clinical studies, low doses of BPN 
produced impressive alleviation of depressive symptoms in 
patients that were considered treatment-resistant within 
1 week of initiating administration (Bodkin et al, 1995; 
Nyhuis et al, 2008). Subsequently, a study with geriatric 
treatment-resistant MDD patients showed a significant 
mood-elevating effect of BPN after 1 week of treatment 
(Karp et al, 2014). Moreover, a recent study demonstrated 
significant antidepressant effects of ALKS5461, a combina- 
tion of BPN and samidorphan, a MOR antagonist, following 
just 1 week of treatment in subjects with MDD (Ehrich et al, 
2015). In addition, studies in healthy controls have shown 
that low doses of BPN can reduce the sensitivity to fearful 
facial expressions (Ipser et al, 2013) and enhanced the 


attention for more positive emotional cues (Syal et al, 2015), 
suggesting that BPN can modulate emotional valence in the 
absence of hedonic experiences. 

Our laboratory has shown previously that low doses of 
BPN produced antidepressant and anxiolytic responses in 
mice and rats when tested 24h post administration (Browne 
et al, 2015; Falcon et al, 2015). The present study further 
characterizes antidepressant responses to BPN in C57BL/6J 
mice, a strain that demonstrates a refractory response to 
SSRIs in the forced swim test (FST) (Balu et al, 2009; Lucki 
et al, 2001). First, the acute effect of BPN in the FST was 
evaluated in C57BL/6] mice after pharmacological challenge 
and in opioid receptor knockout mice to determine which 
opioid receptor has a primary role in mediating the observed 
antidepressant response. Second, BPN was evaluated in 
C57BL/6J mice after exposure to unpredictable chronic 
mild stress (UCMS), a validated and widely used rodent 
model of depression that produces behavioral deficits that 
are reversed only by chronic antidepressant treatment 
(Willner, 1997). 


MATERIALS AND METHODS 
Animals 


Male C57BL/6J mice, 8 weeks old when purchased from 
Jackson Laboratories (Bar Harbor, ME) were used for the 
majority of the studies. Male Oprm1~’~ mice and littermate 
wild-type (WT) controls were generated using heterozygous 
breeding. Mating pairs of OprkI~’/~ mice were purchased 
from Jackson Laboratories and the mice used in this study 
were generated from initial pairings via homozygous 
breeding. The Oprd1~" mice were from a colony maintained 
by homozygous breeding and tested at Temple University. 
Male C57BL/6J mice, originally from Jackson Laboratories 
but generated within the colony, were used as their WT 
controls because they are the background strain used in 
all of the genetic lines. Mice were housed up to five per 
cage and maintained under a 12 h light-dark cycle (lights on 
at 0730 hours) in temperature and humidity-controlled 
rooms at the University of Pennsylvania. Food and 
water were freely available. All studies were approved by 
the Institutional Animal Care and Use Committee for 
the University of Pennsylvania and conducted accord- 
ing to accepted guidelines such as ‘Guiding principles 
in the care and use of animals’ (DHEW Publications, NIH, 
80-23). 


Drugs 


BPN hydrochloride (Sigma, St Louis, MO and NIDA), nor- 
BNI (Tocris Bioscience, Ellisville, MO) and desipramine 
hydrochloride (DMI; Sigma) were administered at doses 
previously found to have antidepressant activity in the FST 
(Falcon et al, 2015; Lucki et al, 2001; McLaughlin et al, 2003). 
JTC-801 (Tocris) was administered at 1 mg/kg based on pilot 
data (unpublished). All compounds were dissolved in 
distilled water, sonicated for 15min, and injected intra- 
peritoneally (i-p.). Mice in the control groups were injected 
with 0.9% saline. All doses were calculated according to the 
base weight of the drug and administered in a volume of 
10 ml/kg. 
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FST 


Swim sessions were conducted either 30 min or 24h after 
treatment and were performed as described previously 
(Falcon et al, 2015). In brief, mice were placed in individual 
polycarbonate cylinders (25.3 cm tall x 22.2 cm in diameter) 
filled with water (25 + 1 °C) to a depth of 15 cm. Each session 
lasted 6 min and water was changed between each animal. 
Sessions were recorded with a digital camera from an 
overhead view to allow for manual scoring of immobile 
behavior. Immobility was defined as the absence of move- 
ment, except that necessary to maintain the head above the 
water. Mice typically adopted this passive immobile posture 
after actively swimming for ~2 min in the swim tank. The 
standard protocol recommends scoring only the last 4 min of 
the 6-min test (Porsolt et al, 1977). However, because stress 
and genetic modifications can change performance during 
the first 2 min of the FST, immobility during the entire 6- 
min test was scored in all of these studies. 


UCMS Procedure 


Mice were exposed to a variable sequence of mild, 
unpredictable stressors for 3 weeks as previously described 
with minor modifications (Schmidt and Duman, 2010). 
These stressors were physical or psychosocial and applied 
three times per day, in the morning (beginning at 
0930 hours), afternoon (beginning at 1430 hours), and 
overnight in a dedicated procedure room. Mice were 
returned to the animal colony after exposure to the stressors. 
The exact stressors and sequence is presented in 
Supplementary Table 1. During the last week of stress, mice 
were injected with either saline or BPN (0.25 mg/kg, i.p.) for 
7 days prior to behavioral testing. Mice were subjected to a 
series of behavioral tests during the next 7 days. After each 
behavioral test was completed, mice were injected with BPN 
and tested the following day in order to maintain treatment 
and avoid any motor effects influencing the behavioral tests. 


Sucrose Preference Test 


The sucrose preference test was performed as previously 
described (Strekalova and Steinbusch, 2010). To reduce 
variability and neophobia upon first exposure to the sucrose 
test, mice were permitted to consume 2.5% sucrose from a 
single bottle for 2h during the dark phase the night prior to 
testing. During an 8 h session the next day, mice were given a 
free choice between two bottles, one with water and one with 
a 1% sucrose solution. To avoid side preference, bottles were 
switched halfway through the test. Fluid intake was 
determined by the difference in weight of the bottles from 
before to after the test. Preference was calculated as the 
percentage of sucrose consumed from the total amount of 
fluid ingested (sucrose and water). Animals were rando- 
mized across groups after establishment of baseline sucrose 
preference. Sucrose preference of 60% or higher was used as 
the cut off criteria for inclusion. 


Dark/Light Emergence Test 


The dark/light emergence (DL) test was adapted from 
previously described procedures (Mozhui et al, 2010). The 
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testing apparatus consisted of a two-chambered box 
(17 x 20 cm for each side) made of Plexiglas with an opening 
(5x5cm) connecting both chambers. One side was colored 
black (room light entry limited) and the other side was white, 
illumination was 800 lux. Mice were placed into the dark side 
and then allowed to freely explore either the light or dark 
side for 5 min. Anxiety-like behavior was measured as the 
time spent exploring the ‘light’ side during the 5 min session. 
Two animals failed to emerge and were excluded from 
analysis. 


Quantitative RT-PCR 


Brain tissue from the frontal cortex (FC), hippocampus (Hp), 
striatum (Str), and amygdala (Amy) was collected by gross 
dissection from two separate cohorts of male C57BL/6J mice 
exposed to the UCMS procedure. In brief, a Trizol (Life 
Sciences cat. No 15596-026)/chloroform-based extraction 
method was used to isolate total RNA. Samples were 
homogenized using a Kontes Pellet Pestle. Quantification 
of the isolated RNA was performed using the Nanodrop 
spectrophotometer and ND-1000 software at the optical 
densities of 260 and 280nm. Samples with poor RNA 
quality/degradation were excluded at this stage. Reverse 
transcriptase amplification of cDNA from total RNA was 
performed using the High-Capacity RNA-to-cDNA Kit 
(Applied Biosystems), conducted in a PTC-100 thermal 
cycler (MJ, Research). Taqman Gene Expression Assays 
(Applied Biosystems) were used in the Applied Biosystems 
StepOne Plus RT-PCR system to quantify the following 
target genes during amplification: prodynorphin (Pdyn) 
Mm00457573_m1, Oprkl (mouse) Mm01230885_ml, 
Oprm1 Mm01188089_m1 and the endogenous control 
Rn18S (mouse) Mm04277571_sl. For each sample the 
average of the triplicate cycle numbers at threshold crossing 
(Cr) value for the endogenous control was subtracted from 
the average Cy values for the target gene, generating ACy 
values. As the PCR efficiencies for both the endogenous 
control gene and target gene were equal (~1), the changes in 
expression of the target gene were expressed as 2-AACy for 
each sample calculated. All data were normalized to the non- 
stress/saline control group and is expressed as fold change 
for statistical analysis and presentation. 


Statistical Analyses 


Two-way ANOVA were used to determine significant 
differences between treatments and conditions. Subsequent 
post hoc tests were conducted with Bonferroni multiple 
comparisons for behavioral data and with Newman-Keuls 
multiple comparisons for mRNA expression analysis where 
appropriate. Student’s t-test was applied where appropriate. 
For all tests, p< 0.05 was considered statistically significant. 
Data are expressed as mean + SEM. 


RESULTS 


Consequences of KOR Disruption on BPN’s Behavioral 
Effects in the FST 


The consequences of pretreatment with the KOR antagonist 
nor-BNI (10 mg/kg) on BPN’s effects in the FST were 
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assessed in WT mice 24h after injection (Figure la). A 
significant interaction was observed for nor-BNI pretreat- 
ment x BPN treatment on immobility levels (F; 70 = 6.440, 
p=0.013). Bonferroni multiple comparisons indicated that 
BPN was effective in reducing immobility levels in mice 
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Figure | KOR disruption blocks BPN’s behavioral effects in the FST. 
(a) BPN (0.25 mg/kg) decreased immobility levels of C57BL/6) mice in the 
FST but did not further reduce immobility levels in mice pretreated with the 
KOR antagonist nor-BNI (10 mg/kg). Saline/Saline, n= 20; nor-BNI/Saline, 
n= 15; Saline/BPN, n= 19; and nor-BNI/BPN, n= 20. The asterisks denote 
where BPN and nor-BNI, respectively, decreased immobility compared with 
saline-treated controls (*p<0.05; **p<0.01). (b) The ability of BPN (0.25 
and 0.5 mg/kg) to reduce immobility levels of C57BL/6) mice in the FST was 
blocked in mice with genetic deletion of Oprk!. WT/Saline, n= 20; WT/ 
0.25 mg/kg BPN, n=10, WT/0.5 mg/kg BPN, n=10; Oprk!~‘/Saline, 
n=17; Oprkl- ‘10.25 mg/kg BPN, n=7; and Oprk!~’/0.5 mg/kg BPN, 
n=10. The asterisks denote significant differences compared with saline- 
treated controls (**p<0.01; ***p<0.001). The symbol & denotes 
significant genotype differences between Oprk!~/~ and WT saline-treated 
mice (***p <0.001). (c) The tricyclic antidepressant desipramine (DMI, 
10 mg/kg) reduced immobility scores of WT and Oprk!~'~ mice compared 
with saline controls. WT/Saline, n= 19; WT/DMI, n= 19; OprkI ~^ /Saline, 
n= 10; and Oprk | /DM|, n=10. The asterisks denote a significan 
difference between DMI and saline-treated WT mice (***p<0.001) and 

*represents a significant difference between DMI and saline-treated 
OprkI " mice (p< 0.001). 


pretreated with saline (p<0.01) but not with nor-BNI. Nor- 
BNI given alone reduced immobility levels compared with 
saline/saline-treated controls (p<0.05). 

The behavioral effects of BPN in the FST were then 
assessed in Oprk1~/~ and WT mice (Figure 1b). A significant 
genotype x treatment interaction was observed for immobi- 
lity in the FST (Fz 69 = 6.854, p=0.019). Pairwise post hoc 
tests revealed that BPN produced significant reductions of 
immobility in WT mice at 0.25 mg/kg (p<0.001) and 
0.5 mg/kg BPN (p<0.01), but these doses were ineffective 
in Oprk1~~ mice. In addition, baseline immobility levels 
were significantly lower in OprkI~/~ mice (p<0.001) 
compared with WT mice after treatment with saline. 

To confirm that KOR-deficient mice could still respond to 
an antidepressant drug, another cohort of Oprk1~/~ mice and 
WT mice were treated with the antidepressant desipramine 
(DMI, 10 mg/kg) or saline and tested in the FST 30 min after 
administration (Figure 1c). A significant main effect of DMI 
treatment was observed on immobility (F3 54 = 24.74, 
p=0.001), where DMI reduced immobility in both WT 
and Oprk1~’~ mice. A significant main effect of genotype 
(Fi s4 = 4.055, p=0.049), was also observed, where Oprk1 ^ 
mice exhibited lower immobility scores than WT mice, and 
no genotype x treatment interaction. 


Consequences of MOR, DOR, and ORL-1 Disruption on 
BPN’s Behavioral Effects in the FST 


To evaluate the role of Oprm1 in BPN’s behavioral effects, 
Oprm1~~ mice and their WT littermates were treated with 
BPN and tested 24h later in the FST (Figure 2a). A 
significant genotype x treatment interaction was observed for 
immobility in the FST (F269 = 3.072, p=0.05). Subsequent 
post hoc tests revealed that the lowest dose of BPN (0.125 mg/ 
kg) significantly reduced immobility levels only in Oprm1™’~ 
(p<0.05). A higher dose of BPN (0.25 mg/kg) significantly 
reduced immobility in both Oprm1~~ mice (p<0.001) and 
WT mice (p<0.05). 

To evaluate the role of Oprd1 in BPN’s behavioral effects, 
Oprd1~’— mice and WT mice were treated with BPN and 
tested 24h later in the FST (Figure 2b). Two-way ANOVA 
on immobility indicated a significant main effect of BPN 
treatment (Fı49= 22.17, p=0.001), without a significant 
treatment x genotype interaction. 

To evaluate the role of the ORL-1 in BPN’s behavioral 
effects, a separate group of WT mice were pretreated with 
either saline or the ORL-1 antagonist JTC-801 (1 mg/kg) 
30 min prior to BPN (0.25 mg/kg) and tested 24h later in the 
FST (Figure 2c). Two-way ANOVA revealed a significant 
main effect of BPN treatment (F,25= 21.76, p = 0.001) and a 
main effect of pretreatment with JTC-801 (F125 = 4.864, 
p=0.004) on immobility scores, without a significant 
JTC-801 x BPN interaction. 


BPN Reversed UCMS-induced Behavioral Changes 


Mice were randomly assigned to either stress exposure 
with the UCMS procedure or to the non-stressed control 
group. All groups were evenly matched in terms of body 
weight prior to stress exposure, NS saline=24.5+0.4g, 
NS BPN =25 +0.5 g, UCMS Saline = 24.5 + 0.5 g and UCMS 
BPN 24.6 + 0.4 g. As seen in Figure 3a, the UCMS procedure 
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Figure 2 Genetic deletion of Oprm! and Oprd! and pharmacological 
blockade of ORL-| does not inhibit the antidepressant-like effects of BPN in 
the FST. (a) BPN (0.25 mg/kg) significantly decreased immobility levels in the 
FST in WT mice and in mice with genetic deletion of MORs. Furthermore, a 
subthreshold dose of BPN (0.125 mg/kg) effectively reduced immobility in 
OprmI 7⁄7 mice. WT/Saline, n= 11; WT/0.125 mg/kg BPN, n=8; WT/ 
0.25 mg/kg BPN, n=12; OprmI ~^ /Saline, n=18; Oprm!~/-/0.125 mg/kg 
BPN, n= 10; and Oprm! ‘/0.25 mg/kg BPN, n=7. The asterisks denote 
significant differences between WT mice treated with BPN (0.25 mg/kg) and 
saline (“p< 0.05). The symbol # denotes significant differences between 

~ mice treated with BPN and saline (“p<0.05; ***p<0.001). 


(b) The ability of BPN (0.25 and 0.5 mg/kg) to reduce immobility levels of 
C57BL/6) mice in the FST was not blocked in mice with a genetic deletion of 


Oprdl, n= 13-14 per group. The asterisks denote significant differences 
between WT mice treated with BPN and saline (***p < 0.001). The symbo 
# denotes significant differences between Oprd! ‘~ mice treated with BP 
and saline ("*"p<0.001). (©) BPN reduced immobility scores in mice 
pretreated with the ORL-| antagonist JTC-801 (1 mg/kg). N= 7-8 mice per 
group. The symbols denote that BPN treatment significantly decreased 
immobility in saline-pretreated (***p<0.001) and JTC-801-pretreated 
(**# <0,00 |) mice, respectively. 
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Figure 3 BPN reversed behavioral changes produced by exposure to UCMS. Body weight gain of C57BL/6) mice (a, n= 20 per group) was suppressed by 
UCMS compared with NS mice. BPN treatment (0.25 mg/kg) reversed the UCMS-induced deficits in sucrose preference (b, n= |5—20 per group), reduced 
the increased immobility levels of UCMS-exposed mice in the FST (c, n= 19-20 per group) and increased time spent in light compared with stress mice in the 
dark/light emergence test (d, n = 8—10 per group). The symbol # denotes significant differences between UCMS-exposed mice given BPN or saline Ëp <0.05, 
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significantly attenuated weight gain in the stressed animals 
compared with non-stressed controls, as shown by a 
significant interaction of stressxday on body weight 
(Fo 171 =26.99, p=0.001). Bonferroni multiple comparison 
tests revealed that exposure to the stress procedure 
attenuated weight gain from day 3 through 27 (p< 0.001). 

The effect of BPN treatment on sucrose preference in the 
UCMS procedure is shown in Figure 3b. A significant 
treatment x stress interaction was observed on sucrose 
preference (Fi 70 = 8.342, p= 0.005). Post hoc tests revealed 
a significant reduction of sucrose preference in UCMS- 
exposed mice but not in non-stressed saline-treated mice 
(p<0.05). This effect was reversed by BPN treatment 
(p<0.05). 

The effects of BPN treatment on FST performance during 
the UCMS procedure are shown in Figure 3c. Two-way 
ANOVA revealed a significant treatment x stress interaction 
(Fi z5 =4.069, p=0.05) on immobility. Exposure to stress 
produced a significant increase in immobility compared with 
non-stressed mice (p<0.001). BPN treatment reversed the 
stress-induced increase in immobility when compared 
saline-treated UCMS-exposed mice (p<0.001). 

The effects of BPN treatment in the DL emergence test are 
shown in Figure 3d (n=8-10 per group). A two-way 
ANOVA revealed a significant treatment x stress interaction 
(F134= 25.24, p=0.001) for the percentage of time spent in 
the light compartment. Subsequent pairwise comparisons 
revealed that stressed animals spent significantly less time in 
the illuminated compartment compared with non-stressed 
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p<0.001). The symbol & denotes significant differences between UCMS saline-treated mice and NS saline-treated mice (p <0.05, **p<0.01, 


controls (p<0.01). BPN treatment significantly reversed this 
stressed-induced anxiety-like behavior (p< 0.001). 


Gene Expression of Oprk1, Pdyn, and Oprm1 in 
Mesocorticolimbic Structures 


Oprkl. In the FC (Figure 4a), a significant treatment x 
stress interaction for Oprk1 mRNA expression was observed 
(Fi s2 = 5.436 p=0.03). Post hoc tests revealed that Oprk1 
mRNA expression was significantly higher in UCMS mice 
treated with BPN than with saline (p<0.05). A significant 
treatment x stress interaction was also observed in the Str 
(F,,7; = 6.354, p =0.02), where UCMS significantly increased 
expression of Oprk1 (p<0.05, Figure 4b) and this effect was 
normalized by BPN treatment (p<0.05). Exposure to stress 
produced an overall reduction of Oprk1 mRNA expression in 
the Amy (Fi 58 =4.769, p=0.04, Figure 4c). No significant 
changes were measured in the Hp. 


Pdyn. A significant treatment x stress interaction for Pdyn 
mRNA expression was observed in the FC (Fi 52= 3.723, 
p=0.05; Figure 4e) and in the Str (Fi 71 =4.945 p=0.03; 
Figure 4f). Although BPN administration did not alter Pdyn 
expression in NS mice, drug treatment significantly reversed 
the stress-induced increase in Pdyn mRNA expression in the 
FC (p<0.001). Similarly in the Str post-tests revealed a 
significant decrease in Pdyn mRNA expression following 
BPN treatment in stress-exposed mice only (p<0.001). No 
significant alteration in Pdyn mRNA expression was 
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Figure 4 BPN reversed alterations in mesocorticolimbic opioid receptor and prodynorphin gene expression. Alterations in Oprk! mRNA expression in the 


FC (a, N= 13-14 per group), Str (b, N= 18-20 per group), Amy (c, N= | 1—19 per group), and 
FC (e), Str (f), Amy (g), and Hp (h); Oprm! mRNA expression in the FC (i), Str (j), Amy (9 and 
BPN-treated mice and their respective saline-treated controls (#p < 0.05, ##5 <0.0 a 
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observed in the Amy (Figure 4g). However, a significant 
main effect of stress on Pdyn mRNA expression was evident 
in the Hp (Fı,73 = 6.690, p = 0.02; Figure 4h). 


Oprml. Significant stress x treatment interactions for 
Oprm1 mRNA expression were observed in the FC 
(Fi so=9.086, p=0.004; Figure 4i) and in the Hp 
(F172 = 3.990, p = 0.04; Figure 41). Oprm1 mRNA expression 
was increased by UCMS exposure in both the FC (p< 0.01) 
and Hp (p<0.05) and reversed by BPN treatment in the FC 
(p<0.01) and Hp (p<0.05). In addition, a significant main 
effect of BPN treatment was measured for Oprm1 in the Amy 
(Fi 61 =4.366, p=0.04; Figure 4l) and Str (Fi 71 = 9.664, 
p=0.003). 


DISCUSSION 


The results of this study present two sets of findings 
concerning the behavioral effects of BPN that are relevant 
to affective disorders by using rodent behavioral tests that are 
sensitive to antidepressant drugs. First, of the potential 
opioid receptors, the antidepressant-like effects of BPN in the 
FST are mediated via KORs. Second, utilizing UCMS as a 
validated procedure for inducing deficits in behavioral 
domains relevant to depression, we established that chronic 
BPN reversed deficits in tests for anhedonia, anxiety, and 
coping with inescapable stress. Furthermore, this is the first 


report that provides evidence of region-specific alterations in 
Oprk1, Pdyn, and Oprm1 mRNA expression following 
UCMS that are reversed by BPN and may underlie the 
behavioral effects of this KOR antagonist. Taken together, 
these data provide preclinical evidence that supports recent 
clinical studies of BPN as a novel therapeutic for depression. 

Previously, our laboratory (Browne et al, 2015; Falcon 
et al, 2015) and others (Almatroudi et al, 2015) have shown 
that BPN reduces immobility in the FST in different strains 
of mice and rats, a test sensitive to the effects of different 
classes of antidepressant drugs. As BPN has activity at 
multiple opioid receptors (Lutfy and Cowan et al, 2004), an 
important goal of this study was to identify which opioid 
receptors were associated with BPN’s effects in the FST. 
Here, we determined that BPN’s effects in the FST are 
mediated via KORs. Pharmacological blockade of KORs with 
the long-lasting antagonist nor-BNI and genetic deletion of 
KORs (Oprk1“—) prevented the effects of BPN. In our study, 
reduced KOR signaling diminished immobility levels in the 
FST compared with controls. A previously published study 
reported no change in the FST performance of Oprk1~’~ 
mice (Filliol et al, 2000), although these differences may be 
attributed to procedures or genetic background. Despite a 
phenotype of reduced baseline immobility, Oprk1~~ mice 
were still sensitive to the behavioral effects of the nora- 
drenergic antidepressant desipramine in the FST, confirming 
that blockade of BPN’s effects in Oprk1~’~ mice was not due 
to a floor effect. Thus, BPN probably could not produce 
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additive effects on FST immobility levels if KORs were 
already occupied by nor-BNI or compromised genetically. In 
contrast, genetic deletion of MORs (Oprm1~’~), resulted 
in shifting the dose-response curve to the left, where 
Oprm1~’~ mice showed increased sensitivity to the anti- 
depressant-like effects of BPN. These data, in addition to 
the previously reported inability of the MOR antagonist 
clocinnamox to block the effects of BPN (Almatroudi et al, 
2015), further support the hypothesis that BPN elicits its 
behavioral effects in the FST via KOR rather than MOR 
antagonism. Furthermore, genetic deletion of DORs 
(Oprd1~’ ~) and blockade of ORL-1 receptors with JTC-801 
did not block or augment the effects of BPN in the FST. 
Oprd1™ mice have been reported to display a higher 
baseline immobility compared with controls (Filliol et al, 
2000), although we did not replicate this elevation in baseline 
immobility levels in this study. Nevertheless, the ability of 
BPN to produce antidepressant-like effects in these mice was 
still evident. BPN has low affinity for ORL-1 receptors, and 
we did not observe diminished activity of BPN’s effects in the 
FST following systemic administration of JTC-801. At this 
dose JTC-801 is known to diminish allodynia and hyper- 
algesia in mice and reverse stress-induced behavioral deficits 
(Delaney et al, 2012; Yamada et al, 2002; Zhang et al, 2015). 
Numerous studies have shown that activation of ORL-1 
receptors produces anxiolytic effects, whereas antagonism 
evokes antidepressant-like responses (Witkin et al, 2014). As 
such, future studies may evaluate BPN’s effects for involve- 
ment of ORL-1 receptors following pretreatment with both 
agonists and antagonists using a broader range of behavioral 
tests. Overall these data suggest that BPN’s effects at DOR 
and ORL-1 receptors do not modulate its behavioral effect in 
the FST. One caveat of these studies was variability in 
baseline immobility values across groups of control WT 
mice. One likely reason for this variability between groups is 
timing of the injections. In the case of the DMI study, the 
injections occurred 30min prior to testing; it was these 
animals that exhibited the lowest levels of baseline 
immobility (130s). Nevertheless, BPN consistently resulted 
in a decrease of baseline immobility of >25% across all 
studies, except when tested in KOR knockouts and nor- 
BNI-treated mice where the effect was blocked. Taken 
together these studies imply that KOR antagonism is 
necessary and sufficient to induce antidepressant-like effects 
in the FST. 

In the present study, we evaluated BPN’s effects in mice 
after exposure to UCMS, a rodent model that induced 
deficits in multiple behavioral domains relevant to depres- 
sion. The core features of UCMS exposure include anhedo- 
nia, prodepressive, and anxiety-like behavior, in addition to 
physiological alterations in body weight, stress hormones, 
and sleep architecture (Willner, 2005). In this study, UCMS 
produced significant reductions in body weight gain, marked 
anhedonia as measured by sucrose preference, increased 
prodepressive behavior in the FST, and decreased explora- 
tion of a brightly lit arena in the dark/light emergence test. 
Administration of BPN reversed these behavioral deficits 
caused by UCMS when mice were tested after only 7 days 
following the onset of treatment. Typically, these behavioral 
deficits are reversed only following chronic (21-28 days) 
treatment with conventional antidepressant drugs (Willner, 
2005). Compared with this expected time course, BPN may 
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be a more rapidly acting antidepressant compound. These 
are the first data to highlight BPN’s efficacy in a validated 
rodent model of depression. 

Exposure to UCMS and chronic BPN treatment induced 
region-specific alterations in the mRNA expression of Oprk1, 
Oprm1, and Pdyn, highlighting a potentially important role 
of cortico-striatal opioid signaling in the treatment of 
depression. The exposure to chronic stress produced 
significant changes in opioid gene expression in a number 
of regions (Oprk1 increased in Str and decreased in Amy; 
reduced Pdyn in HP; and increased Oprm1 in FC and Hp). 
Interestingly, BPN reversed the effects of chronic stress 
in some regions (Oprk1 in FC and Str; Pdyn in FC and 
Str; Oprm1 in FC and Hp) pointing to potential func- 
tional interactions between stress and drug treatment. 
Opioid gene expression was altered by BPN treatment 
irrespective of stress in only two regions (Oprm1 in Str and 
Amy). This suggests, that for most brain regions, exposure to 
environmental stress and the associated release of endogen- 
ous opioid peptides altered the pharmacological effects 
of BPN. 

These findings can be seen as in line with neuroimaging 
studies in depressed patients, which have highlighted low 
KOR availability in Amy-anterior cingulate cortex-ventral 
striatal circuitry in the phenotypic expression of dysphoria 
(Pietrzak et al, 2014) and aberrant MOR signaling in the 
cortical-amygdalar circuitry in the response to aversive 
stimuli (Kennedy et al, 2006; Liberzon et al, 2002). They 
also agree in part with the results of opioid gene expression 
in post-mortem studies of suicide victims (Hurd et al, 1997). 
Although the data presented in this study exposes and 
confirms significant reductions in opioid gene expression 
post stress or drug treatment, their correlative nature cannot 
yet implicate any mechanism in mediating BPN’s behavioral 
effects. Instead, they form a new framework for studies using 
concerted efforts targeting the specific neurocircuitry medi- 
ating the association between opioid signaling and affective 
behavior to provide functional evidence linked to behavior 
changes after chronic stress. 

Clinical evidence continues to show that BPN has 
considerable promise for treating affective disturbances in 
treatment-resistant patients (Bodkin et al, 1995; Ehrich et al, 
2015; Karp et al, 2014; Nyhuis et al, 2008). Preclinical 
experiments allow the effects of BPN to be characterized 
in a context relevant to affective behavior using tests 
involving stress that are also sensitive to the effects of 
antidepressant drugs. In the present study, BPN was 
confirmed to reduce immobility in the FST (Falcon et al, 
2015; Browne et al, 2015). Further studies evaluating the 
mechanism of action mediating these effects, using pharma- 
cological antagonists and genetic deficiency, showed that 
reduced KOR signaling likely accounts for the effects of 
BPN in the FST. In addition, the antidepressant-like effects 
of BPN were shown in the UCMS model involving 
behavioral deficits measured after more rigorous exposure 
to stress and repeated treatment with BPN. The results 
encourage further investigations into the clinical effects of 
BPN relevant to affective behavior. Moreover, identification 
of the mechanisms underlying the effects of BPN may lead to 
testing novel treatments, such as KOR antagonists, that may 
be effective antidepressants without the potential liabilities 
of BPN. 
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